ABSTRACT Stem cell research has been focused on niche signaling and epigenetic programming of stem cells. However, epigenetic programming of niche cells remains unexplored. We showed previously that Piwi plays a crucial role in Piwi-interacting RNA-mediated epigenetic regulation and functions in the niche cells to maintain germline stem cells (GSCs) in the Drosophila ovary. To investigate the epigenetic programming of niche cells by Piwi, we screened mutations in the Polycomb and trithorax group genes, and an enhancer of Polycomb and trithorax called corto, for their potential genetic interaction with piwi. corto encodes a chromatin protein. corto mutations restored GSC division in mutants of piwi and fs(1)Yb (Yb), a gene that regulates piwi expression in niche cells to maintain GSCs. Consistent with this, corto appears to be expressed in the niche cells and is not required in the germline. Furthermore, in corto-suppressed Yb mutants, the expression of hedgehog (hh) is restored in niche cells, which is likely responsible for corto suppression of the GSC and somatic stem cell defects of Yb mutants. These results reveal a novel epigenetic mechanism involving Corto and Piwi that defines the fate and signaling function of niche cells in maintaining GSCs.
S
TEM cell self-renewal requires both intra-and extracellular mechanisms. Exciting progress has been made on both fronts in many model systems. In the Drosophila ovary, genetic analyses have identified complex niche signaling pathways involving Yb, piwi, decapentaplegic (dpp), and hedgehog (hh), which are expressed in somatic niche cells for germline stem cell (GSC) maintenance (Lin 2004) . Among them, Yb coordinately regulates the division of both germline and somatic cells via regulating hh and piwi expression in signaling cells (King and Lin 1999; King et al. 2001) . Overexpression of hh can rescue the germline stem cell maintenance defects of Yb and piwi mutants (King et al. 2001) . Signaling mechanisms have also been identified in Caenorhabditis elegans and mammalian stem cell systems (Lin 2004) .
In addition to niche signaling, epigenetic programming has been identified as a major intracellular mechanism for stem cell maintenance (Surani et al. 2007; Hochedlinger and Plath 2009) . Among epigenetic factors, the Polycomb group (PcG) proteins in many organisms are known to form complexes with each other that alter the chromatin state to repress transcription.
For example, the C. elegans PcG genes, mes-2 and mes-6, are part of the molecular mechanism underlying the efficient silencing of transgenic DNA in the germline (Kelly and Fire 1998) . In murine and human systems, the germline and pluripotent cells also undergo complex epigenetic regulation, specifically with regard to imprinting (Surani et al. 2007) . In nascent mouse primordial germ cells, PcG represses the expression of the region-specific homeobox genes Hoxa1, Hoxb1, Lim1, and Evx1 (Saitou et al. 2002) . The PcG gene and its interacting partner bmi-1 in the Polycomb complex-1 are also involved in regulating the self-renewal of mouse hematopoietic stem cells (Ohta et al. 2002; Park et al. 2004) . Thus, chromatin regulation mediated by PcG genes is an important intracellular mechanism for the germline and tissue stem cells. In contrast to the PcG proteins that alter the chromatin state at target gene promoters to repress transcription, the trithorax group (TrxG) proteins do the same to activate transcription.
A chromodomain-containing protein, corto, interacts with both PcG and TrxG genes in epigenetic regulation. First, corto interacts with genes representing proteins within both ESC/E(Z) and PRC1 complexes, suggesting that it may play a role in the transition between the initiation of silencing and its maintenance (Salvaing et al. 2003) . In addition, corto also interacts with Trithoraxlike (Trl), a TrxG gene that encodes the GAGA factor, and thus may be involved in the GAGA-mediated recruitment of the PcG complexes to the chromatin (Salvaing et al. 2003 (Salvaing et al. , 2008 . Moreover, Corto protein binds to specific sites on polytene chromosomes, and some of these sites coincide with the polytene-binding sites of ESC, E(Z), PC/PH, PSC, SCM, and GAGA (Kodjabachian et al. 1998; Salvaing et al. 2003) .
Despite exciting progress toward understanding the epigenetic programming of stem cells, the epigenetic programming of niche cells has not been reported. To explore this question, we embarked on a directed screen for interactors of piwi in germline stem cell maintenance in Drosophila, focusing on the known chromatin regulators, the PcG and TrxG genes as well as corto. The piwi gene is an ideal entry point; it is not only required in niche cells to maintain germline stem cells, but also has been shown to be involved in epigenetic regulation, partly by directly interacting with heterochromatin protein 1a (HP1a) and presumably recruits it to many specific sites in the genome (Cox et al. 1998 (Cox et al. , 2000 Pal-Bhadra et al. 2002; Pal-Bhadra et al. 2004; Brower-Toland et al. 2007; Yin and Lin 2007) . Here, we report that corto mutations strongly suppress the germline stem cell maintenance defects of piwi and Yb mutants and restore the Hh signaling from niche cells that maintains germline stem cells, thus revealing a key role for Corto in the epigenetic programming of niche cells.
MATERIALS AND METHODS
Drosophila strains, culture, and crosses: All Drosophila strains were grown at room temperature on yeast-containing corn meal/molasses medium unless otherwise indicated. Canton-S and Oregon-R strains were used as wild-type flies.
piwi, Yb, and hh: A P-element insertional mutation piwi 2 was described previously (Cox et al. 1998 (Cox 1999) . Both piwi 4 and piwi 12 were generated in an independent screen in Tulle Hazelrigg's lab and were gifts from her. piwi 12 was used in this study as a piwi 12 / CyO; MKRS/TM6B stock. piwi 1 was described in Lin and Spradling (1997) and in Cox et al. (1998) , and it was used as a stock, piwi 1 /CyO; MKRS/TM6B. myc-piwi was previously described (Cox et al. 2000) . The P{w1mC ¼UAS-lacZ.NZ}20b (UAS-lacZ) stock was obtained from the Bloomington Drosophila Stock Center (stock no. 3955). piwi-GAL4/UAS-lacZ staining was done for 10 min and 1 hr for two different lines (L38 and M10). Yb-GAL4/UAS-lacZ staining was done for 24 hr. , and Yb 4 have been previously described (King and Lin 1999) . The hh-lacZ flies carry an enhancer trap insert in hh as initially characterized by Lee et al. (1992) and by Mohler and Vani (1992) . Its ovarian expression pattern was characterized by Forbes et al. (1996a) . Staining was done as in Lin and Spradling (1993) .
corto: Frederique Peronnet and Roland Rosset kindly provided us with the corto 420 stock as described in their work (Kodjabachian et al. 1998; Lopez et al. 2001 (Liao et al. 2000) . The PCR products were directly sequenced at the Duke Comprehensive Cancer Center Sequencing facility. For the expression pattern of the corto, the enhancer trap line P{PZ}corto 07128b was stained with X-gal as for the hhlacZ, except that ovaries were fixed in 13 PBS with 1% glutaraldehyde for at least 10 min.
Germline clonal analyses: The corto 420 germline clones were generated using the FLP-DFS technique (Chou et al. 1993) . hsFLP; FRT82B corto 420 females were crossed to FRT82B ovo D1 males to produce hsFLP; FRT82B corto 420 /FRT82B ovo D1 females. These females, within 1 day after eclosion, were placed in a 37°water bath for 1 hr and again for 1 more hour after 12 hr for heat-shock induction of mitotic recombination. The females were mated with sibling males and transferred to fresh vials until they were dissected at 1, 2, 3, or 4 weeks after heat shock.
The hsFLP; FRT82B corto 420 females were also crossed to FRT82B armlacZ males to produce hsFLP; FRT82B corto 420 / FRT82B armlacZ females. These females, within 1 day after eclosion, were placed in a 37°water bath for 1 hr and again for 1 more hour after 12 hr for heat-shock induction of mitotic recombination. The females were mated with sibling males and transferred to fresh vials until they were dissected at 1 or 3 weeks after heat shock.
Overexpression of corto: To confirm the expression of the UAS-corto transgene by Western blotting, the hsGAL4/UAS-corto flies and w 1118 controls were collected at 0-1 days old and heatshocked for 1 hr at 37°and once more 12 hr later. Sibling controls of both genotypes were collected at the same time and not heat-shocked. The ovaries were dissected and used for the standard Western blot. The mouse anti-Corto antibodies used were kindly provided by Frederique Peronnet and used at 1:250 dilution.
To test the effect of the overexpression of corto on GSCs and oogenesis, the UAS-corto flies were crossed to the hsGAL4 stock to produce hsGAL4TUAS-corto offspring. These sibling males and females were crossed and heat-shocked starting within 1 day of eclosion by placing them in a 37°water bath for 1 hr every 12 hr for 8 days. The females were dissected and their ovaries prepared for immunofluorescence microscopy. Done in concurrent crosses under the same conditions were three sets of controls: UAS-corto only, hsGAL4 only, and w 1118 males and females.
Immunocytochemistry and immunofluorescence microscopy: Wild-type and mutant ovaries from adult females were dissected, fixed, and stained as described by Lin et al. (1994) . For immunofluorescence staining, anti-Vasa antibodies were used to specifically mark germ cells at 1:2000 dilution (Hay et al. 1990 ). The monoclonal 1B1 antibody was used at 1:1 dilution to mark spectrosomes, fusomes, and the cell cortex (Zacci and Lipshitz 1996) and was obtained from the Developmental Studies Hybridoma Bank at the University of Iowa, Department of Biological Sciences (Iowa City, IA 52242). The monoclonal 9E10 anti-Myc antibody was used at 1:50 dilution (Zacci and Lipshitz 1996) to mark the Myc-Piwi protein, as described by Cox et al. (2000) . The polyclonal rabbit anti-b-gal antisera (Cappel) was used at 1:600 dilution. All the fluorescence-conjugated secondary antibodies were from the Jackson ImmunoResearch Laboratory (West Grove, PA) and were used at 1:200 dilution. Immunofluorescently labeled samples were also counterstained with the DNA-specific dye DAPI as described by Lin and Spradling (1993) . The immunologically labeled samples were examined by Nomarski and epifluorescence microscopy under a Zeiss Axioplan microscope equipped with a Star-1 cooled CCD camera (Photomatrics). Images were collected by IPLab software and processed by the Adobe Photoshop program.
RESULTS
corto mutations suppress the germline stem cell maintenance defects of piwi mutants: To initiate our analysis of the Piwi-mediated epigenetic mechanism in niche cells, we used a previously established scheme (Smulders-Srinivasan and Lin 2003) to test mutations of corto and 15 PcG and TrxG group genes on the third chromosome for their ability to suppress GSC maintenance defects in the piwi 2 mutant (Table 1) . Our criterion for suppression in a female is that at least 50% of the ovarioles should be wild type-like, containing multiple germline cysts and egg chambers, which would indicate that their resident GSCs have undergone multiple rounds of self-renewing divisions. If the percentage of suppressed females was .40%, that mutation was classified as a strong suppressor of piwi. If between 20 and 40%, the mutation was classified as a weak suppressor of piwi, and if ,20%, the mutation was not considered a piwi suppressor. Mutations in 13 PcG and TrxG genes, including Pc 1 and trx
E2
, did not show any significant suppression of piwi 2 (Table 1) . However, both recessive corto alleles tested, corto 420 and corto l1 , showed very strong suppression of piwi 2 (Tables 1 and 2 ; Figure  1 ). piwi 2 /piwi 2 ovarioles without suppression have a very distinct GSC maintenance defect. The two to three GSCs in each ovariole differentiate without self-renewal, resulting in two to three egg chambers and a germarium depleted of the germline (Figure 1 , A and A9). In contrast, the suppressed germaria in piwi 2 /piwi 2 ; corto/1 females contains two to three GSC-like cells, an array of To further verify corto suppression of piwi, five different corto mutant alleles from at least four different genetic backgrounds were crossed to three different piwi mutant backgrounds ( Table 2) . Four of the five corto mutants tested are homozygous lethal, except P{w
, which is completely homozygous viable and fertile. All five corto alleles showed varying but strong suppression of piwi 2 , either with or without If, a genetic marker for the piwi 2 chromosome ( Table 2) .
As corto 420 is a null allele and corto l1 is a strong allele that also showed strong suppression, we used both these alleles to verify that the suppression was not the effect of the P{ry11} sequence in the piwi 2 allele or the genetic background associated with the piwi 2 chromosome. We tested the suppression effect of corto toward piwi 12 , a P excision allele that is derived from a completely different P insertional mutagenesis screen and retains only a 42-nucleotide remnant of the original P{w, lacZ} insertion (Smulders-Srinivasan and Lin 2003; Table 2 ). Both corto 420 (60%) and corto l1 (70%) showed strong suppression of piwi 12 (Table 2) . Hence, corto's suppression of GSC maintenance defects in piwi is not due to the effects of P-element insertion or genetic background. piwi 1 is an allele that shows earlier defects in gonadal development, prior to the adult GSC maintenance defects (Cox et al. 1998) . Also, piwi 1 is the only allele that shows defects in male GSC maintenance. Interestingly, corto 420 and corto l1 completely fail to suppress (0%) the defects of piwi 1 in males as well as in females (Table  2) . Thus, corto is a specific suppressor of the adult GSC defects in piwi mutant females.
The suppression of piwi mutants by loss of one copy of corto indicates that corto interacts with piwi in a negative and dosage-dependent manner to maintain GSCs. It is possible that piwi could have similar negative and dosage-dependent interaction with corto. We therefore determined whether piwi dosage had an effect on the lethal phenotype of corto. Both corto l1 and corto 420 are preadult lethal under our conditions. The reduction of piwi dosage by introducing piwi 1 , piwi 2 , and piwi 12 alleles in heterozygous or homozygous states was not able to rescue corto's pre-adult lethality. Moreover, the introduction of extra copies of piwi, through the addition of a fully functional piwi 1 transgene, also had no effect on the pre-adult lethality of corto mutants. Thus, piwi does Figure 1 .-corto mutations suppress GSC defects of piwi mutants. Ovarioles in all panels are double-stained with anti-Vasa (green) showing germline cell and anti-m1B1 antibodies (red) visualizing spectrosomes and fusomes and outlining somatic cells. A-B9 show an unsuppressed (A and A9) and a suppressed (B and B9) ovariole of the piwi 2 /piwi 2 ; corto l1 /1 genotype at low (A and B) and high (A9 and B9) magnifications. The unsuppressed ovariole (A and A9) has a germlineless germarium (Ge) and two malformed egg chambers, but no spectrosome. However, the suppressed ovariole (B, B9) consists of a morphologically normal germarium (Ge) containing GSCs and multiple germline cysts as well as several postgermarial egg chambers (numbered 1-6). (C) Unsuppressed and (D) suppressed ovarioles of the piwi 2 /piwi 2 ; corto 420 /1 genotype at (C) low and (D) high magnifications. Each unsuppressed ovariole (C) has a rudimentary germarium that either is germlineless or contains only a few spectrosome-free differentiating germ cells. However, the suppressed ovariole (D) consists of a full germarium containing GSC-like cells and multiple germline cysts as well as several postgermarial egg chambers. There are multiple single germ cells in the germarium. This indicates that corto 420 does restore the early oogenic events of the piwi 2 mutant in the germarium to complete normalcy and is thus a somewhat weaker suppressor than corto l1 . Despite this, it can also restore the self-renewing division of germline stem cells to generate a normal-looking ovariole. Bar in A, 100 mm for A-C; bar in A9, 10 mm for A9, B9, and D.
not appear to regulate corto in a negative or positive dosage-dependent manner.
To test the possibility that corto suppresses piwi by altering piwi expression, we investigated the expression of Piwi protein by two different methods. First, we examined the expression pattern of a myc-tagged functional piwi transgene (Cox et al. 2000) in corto heterozygous mutant backgrounds. Since this myc-tagged piwi transgene (myc-piwi) contains the endogenous piwi promoter and can fully rescue piwi mutants, it should faithfully reflect any corto regulation toward the endogenous locus. We observed no difference in expression pattern or level of Myc-Piwi in the corto l1 or corto 420 heterozygotes and the Myc-Piwi transgenic or balancercontaining sibling controls (data not shown). We also utilized two insertion lines carrying another transgenic construct using the same endogenous piwi promoter driving GAL4 protein expression (piwi-GAL4). The GAL4 expression of the two transgenes, when crossed to UAS-lacZ, is very similar to that of the myc-piwi transgene expression; therefore, it should also reflect corto regulation of the piwi promoter. Again, neither the expression pattern nor the level of the piwi-GAL4TUAS-lacZN transgene was altered in corto l1 or corto 420 heterozygous backgrounds (data not shown). Thus, corto does not appear to regulate the transcription of piwi.
corto appears to be expressed in the niche cells: Since corto is implicated in GSC maintenance via interacting with piwi, which is required in niche cells for GSC self-renewal, we examined its expression pattern in the ovary. corto mRNA and protein have previously been found to be expressed during oogenesis (Kodjabachian et al. 1998) ; however, its expression pattern within the ovary was not known. Because none of the Corto antibodies work for immunostaining, we stained ovaries for b-galactosidase expression of an enhancer trap allele of corto, P{PZ}corto 07128b . By inverse PCR and sequencing, we found that the P{PZ} element is inserted 0.5 kb upstream of the corto 59 UTR ( Figure  2A ). The lacZ gene is oriented such that it transcribes in the same direction as corto, and there are no other genes 59 of corto for at least 41 kb (Figure 2A) . Thus, the b-galactosidase expression from the P{PZ}corto 07128b insertion likely reflects the expression pattern of Corto in the Drosophila ovary. P{PZ}corto 07128b was expressed in the previously reported areas-in the brain and in the ovary in the chorion-producing follicle cells (not shown). In the germarium, corto was expressed in the terminal filament and cap cells, which constitute niche cells (Figure 2 , B and C). In addition, it is also expressed in ovarian sheath cells, but not in the germline. The sheath cell expression is unlikely relevant to GSC maintenance, since sheath cells are not necessary for GSC division or oogenesis (Lin and Spradling 1993) . Thus, the expression of corto in the somatic niche cells suggests that Corto interacts with Piwi and Yb in niche cells for GSC maintenance. This notion is also consistent with Corto being a chromatin factor.
We also examined whether the expression of corto is regulated by piwi. The expression of the enhancer trap allele of corto, P{PZ}corto 07128b , is not affected in either piwi 2 or piwi 12 mutant backgrounds (data not shown). Thus, corto is not regulated by piwi.
corto function is dispensable in the germline: It is possible that the expression of the reporter does not reflect the complete expression pattern of corto. Thus, we undertook clonal analyses to examine whether corto is required in the germline. We used the hsFLP; FRT82B corto 420 stock in conjunction with the FRT82B ovo D1 and FRT82B armlacZ stocks to produce corto 420 /corto 420 clones in 0-to 1-day-old adults. There were similar numbers of clones in flies kept for 1, 2, 3, and 4 weeks after heat shock for both the corto 420 and wild-type control clones (Figure 3, A-D9 ). The corto 420 mutant GSCs divided on average about the same number of times as the wild-type GSCs-at 1 and 3 weeks after clonal induction ( Figure 3E ). These data together indicate that corto-null and wild-type GSCs maintained similar rates of division over time. We then further compared the general features of oogenesis between corto-deficient and wild-type germline cells (Figure 3 , A-D9). Again, corto 420 and wild-type control germline clones appeared to progress through oogenesis similarly and had similarly low levels of dying egg chambers. Moreover, corto 420 clonal eggs that were laid produced adult progeny. Thus, even if corto is The open bars are the 1/1 control clones, while the striped bars are the corto-null mutant clones. The 1-week-old 1/1 GSC clones that arose from the FRT82B armlacZ/FRT82B flies contained an average of 3.2 6 0.3 (SE) clonal progeny. Similarly, the 1-week-old corto-null mutant GSC clones that arose from the FRT82B armlacZ/FRT82B corto 420 flies each contained an average of 3.6 6 0.3 (SE) clonal progeny. The 3-week-old 1/1 GSC clones that arose from the FRT82B armlacZ/FRT82B flies contained an average of 3.9 6 0.8 (SE) clonal progeny. Similarly, the 3-week-old corto null mutant clones that arose from the FRT82B armlacZ/FRT82B corto 420 flies contained an average of 4.1 6 0.8 (SE) clonal progeny.
expressed in the germline, such expression in the adult is not necessary for GSC maintenance or oogenesis. In support of this, corto 420 , the null allele, does not have a maternal-effect lethal phenotype. Therefore, consistent with the expression of the corto reporter in niche cells, corto most likely suppresses the GSC defects of piwi by interacting within the niche cells where piwi is known to function in regulating GSC maintenance.
To further investigate the function of corto within the adult ovary, we induced ectopic and overexpression of corto in the adult females by heat-shocking females carrying an hs-GAL4 transgene and a UAS corto transgene. Western blot analysis demonstrated that the level of Corto was indeed increased ( Figure 4A ). However, the ectopic and overexpression of corto at the adult stage did not have any measurable effect on GSC number or rate of GSC division or on other aspects of oogenesis (Figure 4 , B-E). These results persuade us to believe that corto functions specifically in the niche cells for the maintenance of GSCs and that its overexpression in these cells in the adult does not alter its function.
corto mutations also suppress the germline stem cell maintenance defects of Yb mutants: Yb functions in niche cells to maintain GSCs by switching on the expression of piwi and hh in the niche cells (King and Lin 1999; King et al. 2001; Szakmary et al. 2005) . Given that corto mutations suppress the GSC defects of piwi mutants and that such suppression likely occurs in niche cells, we examined whether corto could also suppress the GSC defect of Yb mutants by compensating for loss of Yb function in the niche cells.
We tested corto l1 , a strong allele and strong piwi suppressor, and corto 420 , the null corto allele, for their suppression of the GSC defects of the null Yb 72 mutant. Like piwi, a Yb mutant ovariole usually contains two to three egg chambers and a rudimentary germarium (King and Lin 1999; Figure 3, A-C9) . In these germaria, GSCs are lost, but only a small number of aberrantly differentiated germ cells are present, as judged by the loss of spectrosomes and the presence of polyploidy nuclei (King and Lin 1999;  Figure 5 , A, A9, C, and C9). In contrast, the Yb
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/Yb
72 ; corto/1-suppressed germaria contain two to three GSC-like cells at the apical tip and a normal number of differentiating germline cysts, as well as a long string of normally developing egg chambers ( Figure 5, B The flies with ovaries in lanes 2 and 4 were heat-shocked at 37°for 1 hr 12 hr apart, while the flies with ovaries in lanes 1 and 3 were siblings raised the same way, without heat shock. The transgenic Corto protein, slightly smaller in size but fully functional (Salvaing et al. 2003) , is expressed at a high level upon heat-shock induction. All ovarioles in B-E are double-stained with anti-Vasa (green) and anti-m1B1 antibodies (red). All of the flies were heat-shocked in a water bath at 37°within 1 day of eclosion and every 12 hr thereafter for 8 days, when they were dissected. suppression of Yb is allele specific, we tested corto alleles with other strong Yb mutants. The Yb 1 and Yb 4 mutations are both single amino acid changes that cause strong Yb phenotypes (King and Lin 1999) . The corto l1 mutation showed strong, but differential, suppression of both Yb 1 (40%) and Yb 4 (90%; Table 2 ). The corto 420 mutation also showed strong suppression of Yb 1 (45%); however, it did not suppress Yb 4 (18%; Table 2 ). As corto 420 is a null allele, it is puzzling why it would have less of an interaction. However, Yb 4 is not a null allele; perhaps the specificity is due to the particular characteristics of that single amino acid change. Despite this, these data show that the corto suppression of Yb is not dependent on genetic background or allele specific; however, there is some allelespecific interaction between the two genes.
Since Yb 72 is a null allele of Yb, it is unlikely that corto mutants suppress Yb by altering the Yb expression pattern. To verify this for Yb, as we did for piwi, we utilized a transgenic construct using the endogenous Yb promoter driving GAL4 protein expression (Yb-GAL4) to monitor the corto regulation of the Yb transcription by crossing these Yb-GAL4 flies to flies with a UAS-lacZN transgene in corto l1 or corto 420 heterozygous backgrounds. Neither the pattern nor the level of Yb expression was altered in the corto heterozygotes (data not shown). Thus, corto does not appear to regulate Yb transcription.
To test if Yb regulates corto expression, we examined the expression of P{PZ}corto 07128b in the Yb 72 mutant background. The b-galactosidase expression of this corto enhancer trap was not altered in the niche cells in the Yb 72 mutant backgrounds (data not shown). Thus, corto transcription is not regulated by Yb.
corto does not suppress Yb by restoring piwi expression to the cap cells: Because restoring piwi expression in the Yb mutant niche cells should rescue the GSC defects in Yb mutants (King et al. 2001; Szakmary et al. 2005) , it is possible that corto mutations suppress Yb defects by reinstating piwi expression in the Yb mutant niche cells. To test this possibility, we crossed the fully functional myc-piwi transgene into the Yb 72 / Yb 72 ; corto/1 flies and stained for piwi expression (Figure 6 , B, F, and J). Myc-Piwi expression is weakly seen in the terminal filament cells and clearly seen in the cap cells of the control Yb heterozygote (Figure 6 , A-D), but is lost in the Yb homozygote (Figure 6 , E-H) and was not restored in the terminal filament and the cap cells in the Yb 72 /Yb
72
; corto/1 flies in any of the ovarioles, rescued or not rescued (Figure 6 , I-L, not rescued; data not shown). Thus, it is unlikely that corto suppresses Yb by restoring Piwi expression to the cap cells.
corto restores hh expression in Yb mutant cap cells: hh has a somewhat redundant role in the maintenance of GSCs, as overexpression of hh can rescue GSC defects in Yb and piwi mutants (King et al. 2001) . In Yb mutants, hh expression is lost from the cap cells and some of the terminal filament cells (King et al. 2001) . Thus, corto could be suppressing GSC division in Yb mutants by restoring hh expression in the cap cells. To test this possibility, we used a well-characterized hh-lacZ enhancer trap line (Forbes et al. 1996a) to assess hh expression in the Yb 72 /Yb
; corto/1 flies. This line faithfully reflects hh expression in niche cells (Forbes et al. 1996a) . As seen earlier, corto suppression of Yb 72 / Yb 72 occurs in .50% of the ovarioles for each suppressed female, but does not suppress every ovariole or every female when suppressing (Figures 1 and 3 ; Table 2 ). Amazingly, when hh expression is analyzed in these suppressed females, hh expression is clearly restored in the cap cells of only the suppressed ovarioles ( Figure 7 , B and D), but not in the nonsuppressed ovarioles ( Figure 7 , A and C). Thus, corto suppresses Yb, at least in part, by restoring hh expression to the cap cells. Interestingly, corto-mediated suppression of the Yb phenotype also includes the rescue of the somatic stem cell division defects of Yb mutants. Hence, corto suppression in the Yb mutants completely restores the niche cell expression and function of hh. 
DISCUSSION
The regulation of GSC division in the Drosophila ovary is a complex process. In this study, we have focused on further elucidating the niche signaling mechanisms for the maintenance of the GSCs by using piwi as an entry point. piwi not only is essential in the niche cells for GSC maintenance, but also is involved in epigenetic regulation (Lin and Yin 2008) . By searching for genetic suppressor of piwi, we discovered that the chromatin factor corto is involved in epigenetic programming of niche cells for their signaling function in GSC selfrenewal.
Among the 15 PcG and TrxG genes on the third chromosome whose mutations we tested, we were able to identify only one strong dominant interactor in GSC maintenance, corto (Tables 1 and 2; Figure 1) . Corto has been shown to interact genetically and physically with at least 17 PcG and TrxG proteins (Kodjabachian et al. 1998; Lopez et al. 2001; Salvaing et al. 2003 , trxE 2 ) were tested in our screen but did not suppress piwi mutant defects (Table 1) . Does this reflect a novel mechanism in which corto acts independently of its other known interaction partners? This is unlikely. corto mutations can suppress piwi because Corto interacts with both the ESC/E(Z) and the PRC1 PcG protein complexes as well as the GAGA factor and other TrxG genes (Kodjabachian et al. 1998; Lopez et al. 2001; Salvaing et al. 2003) . In addition, Corto shares only a fraction of polytene chromosome binding sites with the PcG and TrxG proteins tested [PSC, ESC, E(Z), PC/PH, SCM, and GAGA; Kodjabachian et al. 1998; Salvaing et al. 2003] . As the other members of the PcG or the TrxG are more specific to one or the other complex, any one of the PcG or TrxG genes controls only a subset of corto-regulated genes. Thus, no mutation in any of PcG or TrxG genes can replicate the effect of corto mutation. Moreover, the PIWI-piRNA complex also has a broad epigenetic role. Corto contains a chromodomain that binds to methylated lysine residues in histones or other proteins in the context of transcriptional regulation (Eissenberg 2001; Flanagan et al. 2005; Pray-Grant et al. 2005; Kim et al. 2006; Zhang et al. 2006) . Corto binds to and genetically interacts with the GAGA factor and, in so doing, has been implicated in conferring target specificity to PcG silencing (Salvaing et al. 2003) . Similarly, the Piwi-piRNA complex has also been proposed to be a major epigenetic guidance mechanism that recruits specific epigenetic factors such as heterochromatin protein 1a (HP1a) to many target sites in the genome, which brings epigenetic activation as well as silencing effects to different target sites of the genome (Brower-Toland et al. 2007; Yin and Lin 2007; Lin and Yin 2008) . Thus, Corto and PIWI may function in the same or largely overlapping epigenetic guidance mechanism for targeting the PcG and TrxG complexes as well as other epigenetic regulators to genes that are important for GSC maintenance and differentiation. As a result, only corto mutations can suppress the GSC defects of piwi mutants, fulfilling the requirements of our screen.
corto suppresses not only GSC maintenance defects in piwi mutants, but also the defects of Yb mutants in GSC and somatic stem cell maintenance. Since Yb regulates Piwi and Hh expression in niche cells (King et al. 2001 )-yet itself is a novel protein that is located in the Yb body in the cytoplasm of niche cells (Szakmary et al. 2009 )-the interaction between Corto and Yb has to be quite indirect. One possibility is that Corto negatively controls the expression of Yb and Piwi, and thus corto mutations can suppress the GSC defects of the piwi or Yb mutants by increasing levels of Piwi or Yb mRNA or protein expression. This is unlikely for two reasons. First, the piwi 2 mutant produces a truncated mRNA, so the increased expression of such an mRNA may not have a suppressor effect. Likewise, the null allele of Yb, Yb
72
, cannot produce a Yb protein even if the Yb mRNA is expressed (King and Lin 1999) . Second, we showed that neither piwi nor Yb transcriptional reporters were altered in corto mutant backgrounds. In addition, since piwi expression is not restored in Yb mutants that are suppressed by corto, it is also unlikely that corto is regulating the piwi promoter in suppressing Yb.
In contrast, hh does seem to be regulated by corto. The restoration of hh expression in the Yb mutant cap cells by corto mutations strictly correlates with the cortomediated rescue of GSC and somatic stem cell defects in Yb mutants. Because the cap cell expression of Hh can rescue both the GSC and the somatic stem cell maintenance defects of Yb mutants (King et al. 2001) , the restoration of Hh expression in cap cells of Yb mutants is likely responsible for the rescue of the GSC and somatic stem cell maintenance defects of Yb mutants by corto mutations. Although it is possible that the corto suppression of the piwi mutant phenotype is also due to alteration of Hh activity in the niche, this is unlikely because Hh expression and function is apparently normal in piwi mutants (King et al. 2001) . Thus, Corto may function with Piwi in a general epigenetic guidance mechanism that overrides the requirement of Yb for hh expression. Regardless, this study clearly demonstrates that epigenetic regulation is involved in GSC maintenance in the Drosophila ovary by altering the expression of a key signaling gene in the niche cells.
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